A new index, mean prognosis (MP), was designed for optimal combination of visual field thresholds, to discriminate between eyes that developed POAG from eyes that did not. Baseline intraocular pressure (IOP) in fellow eyes was used to construct measures of IOP asymmetry. Age-adjusted baseline thresholds were used to develop indicators of visual field asymmetry and summary measures of visual field defects. Marginal multivariate failure time models were constructed that relate the new index MP, IOP asymmetry, and visual field asymmetry to POAG onset for OHTS participants. RESULTS. The marginal multivariate failure time analysis showed that the MP index is significantly related to POAG onset (P Ͻ 0.0001) and appears to be a more highly significant predictor of POAG onset than either mean deviation (MD; P ϭ 0.17) or pattern standard deviation (PSD; P ϭ 0.046). A 1-mm Hg increase in IOP asymmetry between fellow eyes is associated with a 17% increase in risk for development of POAG. When threshold asymmetry between eyes existed, the eye with lower thresholds was at a 37% greater risk of development of POAG, and this feature was more predictive of POAG onset than the visual field index MD, though not as strong a predictor as PSD. CONCLUSIONS. The MP index, IOP asymmetry, and binocular test point asymmetry can assist in clinical evaluation of eyes at risk of development of POAG. (Invest Ophthalmol Vis Sci. 2006;47: 3896 -3903)
T he Ocular Hypertension Treatment Study (OHTS) is a multicenter, randomized trial to evaluate the safety and efficacy of topical ocular hypotensive medication in delaying or preventing the onset of primary open-angle glaucoma (POAG). Details of the OHTS and the primary findings that topical ocular hypotensive medication delays or prevent the onset of POAG have been described elsewhere. 1, 2 Other aspects of visual field properties in the OHTS have been published in a series of papers. [3] [4] [5] This study complements the previous baseline risk factor analysis through an extended examination of visual field data and a study of asymmetries between right and left eyes. We thus firstly constructed a monocular measure summarizing visual field thresholds, and this measure outperformed other monocular indices as predictors of POAG. Asymmetric IOP has been shown to be related to glaucoma and to the presence of glaucomatous visual field defects. 6 -8 Asymmetry in static perimetry thresholds has also been shown to reveal early glaucomatous damage. 9 We thus secondly performed binocular analyses to consider the effect of IOP asymmetry and interocular differences in the visual field thresholds on POAG. Throughout this article we use the term "threshold " as it is commonly used in perimetric investigations where higher thresholds actually signify better sensitivity. We do this to avoid confusion with the clinical literature even though it is at odds with the reciprocal relationship between threshold and sensitivity in the stricter sense of these terms in basic psychophysics.
Mean deviation (MD), pattern standard deviation (PSD), short-term fluctuation (SF), and corrected pattern standard deviation (CPSD) are now, or have been available on standard Humphrey STATPAC outputs (Carl Zeiss Meditec, Dublin CA) as summary statistics that describe certain features of the visual field. However, these indices do not take advantage of the fact that visual field defects indicative of glaucoma tend to occur in specific locations. 10 Consequently, a study of individual perimetry thresholds may be informative. Recognizing that test points within a visual field correlate highly, we sought to find a summary of test point thresholds that avoids multicollinearity across visual field locations and can serve as a predictor of POAG.
Although IOP is a major risk factor for POAG, its diagnostic usefulness is limited by the large overlap in IOPs obtained from people with and without POAG. For cross-sectional data without a longitudinal component, one way to define "normal" for a subject is to compare fellow eyes. Eyes with high IOP are at an increased risk of development of POAG. However, eyes of two subjects with equal IOP may not be at the same risk of development of POAG. If asymmetry exists in which one eye displays a significantly higher IOP than its fellow, it may be at a greater risk of development of POAG than eyes with similarly elevated IOPs but no interocular asymmetry.
The relationship between visual field sensitivity loss and POAG onset may be similar. Large differences in thresholds between eyes, or visual field asymmetries, may indicate that one or both eyes are at greater risk of development of POAG. Visual field asymmetries may be particularly relevant for subjects with visual field indices that are still within normal limits.
A note on terminology: By "within normal limits," we mean eyes that may or may not have disease, but for which the index under discussion is within age-specific normal limits (95% confidence limits) for that index. However, it should be noted that being "within normal limits" is not the same as saying that sensitivity has not decreased. Sensitivity may have been decreasing for some time but has remained within normal limits. This phrasing should be distinguished from the term "normal eye," which denotes an eye without disease that can affect the visual field. In addition, throughout the paper, we will use the phrase "developing POAG" to mean "reaching an OHTS POAG endpoint."
METHODS

OHTS Visual Field Data
Data from 1618 OHTS participants who had at least one follow-up visit through November 2001 were evaluated. All OHTS participants were required to have at least two normal, reliable Humphrey 30-2 fullthreshold baseline visual fields in both eyes, to establish study eligibility. A visual field was considered normal if the results of the Humphrey Field Analyzer STATPAC 2 MD, CPSD, and glaucoma hemifield test (GHT) were repeatedly (two tests) normal. In addition, evaluators at the OHTS Visual Field Reading Center (VFRC) determined that there were no clusters of points on the Total or Pattern deviation plots suggestive of early glaucomatous loss. A visual field was considered reliable if rates of false positives, false negatives, and fixation losses were repeatedly (two tests) below 33%. Details of OHTS visual field eligibility requirements and a description of all eligibility criteria have been published. [1] [2] [3] Test point threshold data used in this article are the point-by-point averages of two to three qualifying visual fields for each eye obtained at baseline. The average visual field thresholds were adjusted to account for the known decrease in visual field sensitivity with age. All thresholds were adjusted to expected values at 45 years of age for each subject according to a linear model for aging. 3, 11, 12 Age adjustment parameters were not available for all the test point locations in the 30-2 pattern, and we therefore used the test point locations in the Humphrey Field Analyzer 24-2 pattern with the two locations above and below the physiological blind spot excluded (52 locations in all).
Visual Field Test Point Thresholds Used to Generate a Prognostic Index
Linear discriminant analysis 13, 14 was used to find a combination of visual field thresholds and weights applied to them for the best discrimination between eyes reaching a POAG endpoint and eyes that have not reached a POAG endpoint. This is referred to as the mean prognosis (MP), a linear combination of the visual field test points for predicting POAG onset. Linear discriminant analysis focuses exclusively on constructing a measure that creates maximum separation between populations-in this study, POAG and non-POAG eyes. MP is thus a monocular index that optimally summarizes the prognostic information in each test point; however, such discriminants cannot be used to investigate the impact of individual test points on POAG onset. Baseline MP will be compared to baseline MD and PSD in their ability to predict POAG.
Asymmetric Fellow Eyes
During the OHTS qualifying period, two to three IOP measurements were taken per eye. The IOP data used in this article consist of the average of these two to three measurements. We define a variable, IOP_ASYM, which, for the eye with higher IOP, is the difference in IOP between the two asymmetric eyes, and zero for the fellow eye with lower IOP.
Crichton et al. 7 considered 0.5, 1.5, and 2 mm Hg as cutpoints for IOP asymmetry, whereas Lewis et al. 8 used 5 mm Hg. Two millimeters of mercury is the 75th percentile of OD versus OS IOP differences across the 1618 subjects in OHTS, as shown in the frequency distribution in Table 1 . For purposes of discussion, we call a pair of eyes IOP asymmetric if the difference in IOP between fellow eyes exceeds 2 mm Hg (i.e., ⌬IOP Ն 2 mm Hg).
Asymmetric thresholds between fellow eyes were defined as a reduction in sensitivity at any test point location so that the absolute value of the difference between eyes for that location was above the 99th percentile of such differences across the 1618 subjects in OHTS. Figure 1 presents these cutoff values for the 52 visual field test point locations above which interocular differences are deemed large. We define an indicator variable VF_ASYM, which identifies an eye from an asymmetric pair with at least one visual field test point displaying this degree of reduction in sensitivity. Such eyes receive a VF_ASYM score of 1; all other eyes receive a VF_ASYM score of 0. Because fellow eyes of an individual may have asymmetry in one direction at some locations (e.g., OD more sensitive than OS) and in the opposite direction at other locations, both eyes of a subject may receive a VF_ASYM score of 1.
Multivariate Failure Time Analysis of POAG Onset
The primary concern was predicting development of POAG in OHTS from visual field and IOP measures, with topical medication being the intervention. The statistical evaluation is a regression analysis relating POAG onset to baseline risk factors and treatment. A marginal multivariate failure time model is used to study this relationship and account for the correlation between fellow eyes in the presence of censoring. 15 A censored eye is one in which, as of the last visit before November 2001, POAG had not developed. By multivariate failure time model, we mean that the eye is the unit of observation nested within a patient (every subject has two eyes). The advantage is that we can adjust for correlations between fellow eyes in our study of time to POAG onset. Statistical inferences drawn from the multivariate failure time model are analogous to those from the familiar Cox proportional hazards model. We present an odds ratio (and corresponding 95% confidence interval [CI]) for each predictor variable, representing the increased or decreased risk of POAG onset with respect to that predictor. Table 2 presents additional predictor variables from the OHTS trial 1 that are incorporated into our statistical models. At baseline, participants were randomized to topical medication or observation. However, once POAG developed in one eye, both eyes of the patient were medicated, regardless of whether they were assigned to the medication or observation group at randomization. Medication was therefore fit as a timedependent covariate in our statistical analysis. The only variable not measured or recorded for all subjects is central corneal thickness (CCT), which is missing for 442 (13.66%) eyes. However, CCT is included in the subsequent multivariate analyses. 
Computing
Statistical analyses were performed with the software package Splus (Insightful, Seattle, WA), but were directly transportable into R (www.r-project.org), an open source freeware alternative implementation to S/Splus. The marginal multivariate failure time model with time-dependent covariates is fit using the function coxph (cox proportional hazards) with clusters defined by subject ID numbers. 16 MP was computed using the function lda. 17 We note that the OHTS was in compliance with the tenets of the Declaration of Helsinki; informed consent was obtained from the participants after explanation of the nature and possible consequences of the study; the research was approved by institutional review boards (IRB); and a Data Safety and Monitoring Committee was in place to monitor the ethical conduct of the study and the accumulation of data for evidence of adverse and beneficial treatment effects. Please refer to the OHTS website (https://vrcc.wustl.edu) for more details.
RESULTS
In the OHTS data set, POAG developed in 146 eyes (from 125 subjects) of 3236 eyes before November 2001. Of these 125 subjects, 104 had POAG in only one eye and 21 in both eyes. All subjects had both eyes included in the analysis. The maximum follow-up time in this data set was 7.57 years, with a median follow-up time of 6.11 years. The shortest and longest times to onset of POAG were 0.59 years and 7.42 years, respectively, with a median of 4.24 years.
The visual field summaries and asymmetry indicators MP, IOP_ASYM, and VF_ASYM were individually evaluated for their ability to predict onset of POAG with adjustment for IOP or the STATPAC visual field indices, in addition to adjustment for the topical medication indicator (treatment; TRT). Tables 3, 4 , and 5 present the risk ratios (RRs) and CIs from each of these three model fits-namely, predicting POAG onset from MP, IOP_ASYM, and VF_ASYM, respectively. Note that the analysis in Table 3 is based on a randomly selected half of the data not used to compute the MP weights, whereas the analyses in Tables 4 and 5 are of the entire data set. These measures were then combined in a multivariate analysis of POAG onset in OHTS. Summary statistics and statistical inferences drawn from this model fit are presented in Table 6 . As an illustration of the results displayed in Tables 3 to 6 , the model shown in Table 3 shows a treatment (TRT) effect P ϭ 0.0001, indicating that FIGURE 1. Cutpoints (in decibels) at each of the 52 visual field locations used to identify an extreme reduction in sensitivity in the OHTS eyes corrected for age 45. Clinically, if the measured asymmetry for a patient at a particular point is larger than that presented at the same point in the figure, then the eye with the lower sensitivity should be flagged for increased risk of POAG. Model also adjusts for TRT, MD, and PSD. MP was constructed using a randomly selected half of the data, and the model fit was based on the other half of the data. Tables 3 to  6 may be interpreted analogously.
Mean Prognosis
The linear discriminant weights applied to the threshold values to obtain MP are not based on the entire data set as the data then serves double duty: computation of the test point location weights and fit of the statistical model, thus running the risk of overfitting. Alternatively, the data were randomly divided into halves. The first randomly chosen half was used as a training set to obtain the weights. The second half (validation set) was used to study the relationship of the MP index with POAG onset. That is, the weights obtained from the linear discriminant analysis using the training set were applied to the thresholds from the validation set to obtain MP. We note that the two subsets-the training set and the validation set-are similar in terms of the number of converters and the median conversion times. The training set has 77 converters, and the validation set has 69 converters. The median observation time is 6.10 years for the training set and 6.14 years for the validation set. Among converters, the median conversion time is 4.34 years for the training set and 4.20 years for the validation set. Table 3 presents a marginal multivariate failure time model of POAG onset to MD, PSD, MP, and treatment fit to the second half of the data set not used in the computation of weights. We note that the larger RR relating PSD to onset of POAG, compared with the RR relating MP to POAG onset, is a consequence of the numerical scale of these variables. Thus, a comparison of these variables as predictors of POAG onset should be made through measures of statistical significance such as P-values. After adjustment for the effect of MD and treatment, both MP and PSD are significantly related to POAG onset (P ϭ 0.0075 and 0.0017, respectively).
Asymmetric IOP
A total of 1706 eyes were from symmetric pairs (⌬IOP Յ 1 mm Hg), and of these, 60 eyes (3.5%) developed POAG, and 1530 eyes were from asymmetric pairs (⌬IOP Ն 2 mm Hg). Among the 765 eyes with higher IOP from an asymmetric pair, 62 (8.1%) eyes developed POAG whereas among the 765 eyes with lower IOP from an asymmetric pair, 24 eyes (3.1%) developed POAG (significantly different percentages; P Ͻ 0.0001). Figure 2 presents predicted survival curves that compare these three groups, adjusted for the effect of treatment and fellow eye correlation. As expected, the higher IOP eyes from an asymmetric pair are at greater risk of developing POAG. Note that eyes from a symmetric pair and eyes with lower IOP from an asymmetric pair are not much different in risk of POAG (P ϭ 0.62). Table 4 presents a marginal multivariate failure time model fit of POAG onset to IOP, IOP_ASYM, and treatment. After adjustment for IOP and treatment, the IOP asymmetry variable is still significantly related to POAG onset. Asymmetric IOP appears to be an important predictor of POAG beyond the predictive value of the IOP level itself. Each additional 1-mm Hg increase in the IOP asymmetry between eyes is associated with a significant 21% increase in risk (1.21Ϫ1.00; P ϭ 0.0004) for development of POAG.
Asymmetric Visual Field Threshold Values
VF_ASYM identifies an eye from an asymmetric pair with depressed sensitivity at one or more test point locations. Figure 1 presents the cutpoints at each test location used to identify a substantial reduction in sensitivity. Among the 643 eyes that meet this criterion (VF_ASYM ϭ 1), 7.5% developed POAG, whereas among the 2593 eyes that did not meet this criterion (VF_ASYM ϭ 0), 3.8% developed POAG. Figure 3 presents predicted survival curves, adjusted for the effect of treatment and fellow eye correlation that compare these two groups. Eyes with lower sensitivity from an asymmetric pair are at greater risk of developing POAG. Table 5 presents a marginal multivariate failure time model fit of POAG onset to MD, PSD, VF_ASYM, and TRT. After adjustment for the visual field indices (MD, PSD) and treatment, the visual field asymmetry variable remains significantly related to POAG onset. MD is not significantly related to POAG onset (P ϭ 0.064) in this model.
Asymmetric test points appear to be an important predictor of POAG. Eyes from an asymmetric pair that have reduced sensitivity are at 59% greater risk (1.59 -1.00) of developing POAG (P ϭ 0.0077). A study of asymmetry in MD, PSD, and CPSD between fellow eyes showed that asymmetry in these indices does not predict POAG. It should be noted that the strict inclusion criterion for the OHTS made it unlikely that large asymmetries in these indices could have been present at baseline. It is also likely that small, localized deficits that usually occur early in glaucoma are diminished by the derivation of summary statistics from all visual field locations. From a clinical standpoint, fellow eyes with a threshold difference at any one test point above the value at the corresponding test point in Model also adjusts for all the variables in Table 2 . MP was constructed using a randomly selected half of the data, and the model fit was based on the total OHTS data. 
Predicting POAG from Visual Field and Asymmetry Data
For brevity, Table 6 presents results for IOP_ASYM, VF_ASYM, MP, IOP, MD, PSD, and treatment. A marginal multivariate failure time model was fit to the whole data set relating POAG onset to all the variables presented in Table 2 in addition to IOP_ASYM, VF_ASYM, and MP. The MP weights were the same as those used in Table 3 , that is, based on the same randomly selected half of the data. The asymmetry variable IOP_ASYM and the MP index were significantly related to POAG onset after adjustment for the other important predictors from Table  2 , whereas VF_ASYM is not significant (P ϭ 0.075). In addition, both MP and PSD are significant predictors of POAG onset (MP P Ͻ 0.001; PSD P ϭ 0.046). The model was also fit to the validation set. In this fit, both MP and PSD continue to be 
DISCUSSION
The purpose of this study was to determine the risk of POAG onset among individuals with ocular hypertension in the OHTS investigation, by specifically relating visual field thresholds and certain asymmetries between fellow eyes to POAG. A study of the efficacy of these variables in predicting the onset of POAG in the OHTS would not be complete without inclusion of important nonvisual field variables in the statistical models. The MP index is significantly related to POAG onset and does at least as well as more traditional visual field indices, such as MD and PSD, in accounting for effects of test point thresholds in predicting POAG onset. Note that in Table 3 , the weights for computing MP were based on a randomly chosen half of the data, and then the analysis was performed using the remaining half of the data. In this analysis, both MP and PSD are significantly related to POAG onset with P-values of similar magnitude (P ϭ 0.0075 and 0.0017, respectively), PSD being the stronger predictor. When including the asymmetry variables and all important predictors from Table 2 in the analysis, again randomly splitting the data in half for computation of the MP weights and for the analysis, both MP and PSD are significantly related to POAG onset with P-values of similar magnitude (P ϭ 0.0007 and 0.0027, respectively; see the last paragraph before the Discussion section), with MP being a stronger predictor of POAG onset. Though these results are seemingly contradictory in ordering the predictive strength of MP and PSD, the primary observation is that the P-values are of similar magnitude in each analysis. Furthermore, even for the relatively small sample size under which the two analyses were performed, after adjustment for the visual field summary PSD, MP is still a strong predictor of POAG onset.
Note that in Table 6 , the analysis was based on all the data though the MP weights were based on a randomly selected half of the data. In this analysis, both MP and PSD are significantly related to POAG onset (P Ͻ 0.0001 for MP and P ϭ 0.046 for PSD). In this case, MP is a stronger predictor of POAG than PSD, contrary to the inferences drawn from Table 3 , because both the MP weights and the analysis are based on the same data. Any nonparametric measure such as MP thus has a tendency to overfit the data. The primary observation, however, is that, on collecting a larger data set, MP presents itself as a viable predictor of POAG onset to compliment PSD.
MD is not specifically designed to be predictive of glaucoma. The averaging process used to construct MD removes localized information in the visual field that may be useful for predicting POAG onset. MP combines test point thresholds to differentiate between eyes based on their risk of developing POAG, creating a prognostic visual field summary measure. However, MP does not specifically identify test points related to increased risk of POAG onset. The MP score is not easily interpreted, being a linear combination of threshold values multiplied by appropriate weights that can be both positive and negative. Survival time tree models may more easily allow vision scientists to draw inferences for individual test points, an approach we are currently exploring.
The MP index uses spatial information as does the GHT. The GHT performs comparisons between certain visual field zones in the superior and inferior visual field (among other things) searching for asymmetries that are outside normal limits. The GHT is based on what we know about the anatomy of the retinal nerve fiber layer and what we expect early glaucomatous defects to look like. The MP index exploits relationships between test locations in different parts of the visual field but is not based on any preconceived notions regarding what an early glaucomatous defect should look like. Rather, it uses empiric findings from the OHTS to produce a spatially tuned combination of thresholds that have good predictive power for POAG. It may be instructive to look at the spatial relationships uncovered while developing the MP index as this may teach us something about early glaucomatous visual field changes that may not be intuitive.
It is worth pointing out that the existence of visual field or IOP asymmetry conveys additional risk to patients who display it. The risk associated with asymmetry is on top of (multiplicative to) any risk associated with other factors (for example IOP, PSD, and MD) as they were accounted for in the statistical models. As an example, consider two patients, one of whom has IOP of 30 mm Hg OU, the other who has IOP 25 mm Hg OD and 30 mm Hg OS. For the sake of this discussion, we will assume that all other risk factors are identical. The first patient has a slightly elevated risk of converting to POAG due to the higher IOPs but has similar risk in the right and left eyes. The second patient has a greater risk of converting to POAG in the left eye (with the higher IOP) but this eye is at an even greater risk than either eye of the first patient because it is the higher IOP eye of an asymmetric pair. This greater risk exists even though the left eye of the second patient has the same IOP as both eyes of the first patient.
The same situation exists for the visual field asymmetry index. An eye with lower thresholds in a pair of eyes that display visual field asymmetry is at an additional risk of developing POAG because it is the lower-sensitivity member of an asymmetric pair.
Visual field and IOP asymmetries are significantly related to POAG onset in that an eye from an asymmetric pair with higher IOP or reduced sensitivity at any visual field location is at a significantly increased risk of developing POAG. Furthermore, asymmetric visual fields are better predictors of POAG development in OHTS participants than some standard visual field indices such as MD and SF. These asymmetries are identified as differences between IOP and test point thresholds between fellow eyes of an individual, thus providing clinicians additional information to identify eyes at a higher risk of developing POAG. We emphasize the usefulness of visual field asymmetry even though it is significant only at the 10% level after adjustment for the MP index in the model (see Table 6 ). The MP index, being such a powerful predictor, seems to overwhelm the effect of visual field asymmetry (VF_ASYM in Table 6 ), both being derived from test point thresholds.
An interesting issue surrounds our use of visual field and IOP asymmetries as risk factors for the onset of POAG. It is appropriate to think of raised IOP as a risk factor for development of glaucoma, as it is not a surrogate measure of early glaucomatous damage. Asymmetric IOP may be interpreted as an additional risk factor as it is not observed in normal subjects. However, it could be argued that visual field asymmetry is simply a manifestation of very early damage in persons who already have subclinical glaucoma. This damage would have to be so subtle that it did not prevent patients from qualifying for the OHTS. We have chosen to treat visual field asymmetry as a risk factor even though it may be evidence of early damage and perhaps would be more accurately called a prognostic factor. The question of when does a patient cross over from not having glaucoma to having glaucoma, is very difficult or impossible to answer. Therefore, treating visual field asymmetry as a risk factor is justified if viewed from a clinical perspective in that at the time the patient does not have a diagnosis of glaucoma and may not be deemed at elevated risk for its development. A similar claim could be made regarding the MP index. Might it be that an elevated MP index is not truly a risk
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Predictors of Glaucoma in the OHTS 3901 factor for glaucoma but simply a reflection of very subtle early glaucomatous damage? Once again, we propose that from a clinical perspective, it may be appropriate to treat the MP index as a risk factor applying a similar argument.
A clinical evaluation of asymmetries may be most relevant for eyes with IOP levels or visual field indices that are within normal limits. Patients with eyes that are within normal limits may show significant asymmetries between fellow eyes and should be flagged as having increased risk of POAG onset. The MP index is a summary measure of the visual field that is more strongly related to POAG onset than the standard indices MD and SF, and comparable to PSD. MP and VF_ASYM, both computed using test-point thresholds, can be incorporated into visual field analyzer statistical analysis routines. On confirmation in independent studies, these important predictors of the onset of POAG may become a part of the clinician's visual field assessment toolbox.
